Background: HLA-DM-mediated peptide exchange is a key factor in epitope selection, but how HLA-DM selects peptides for editing is not known. Results: Peptide complexes sensitive to HLA-DM editing exhibited conformational alterations. Conclusion: HLA-DM efficiently identifies unstable complexes by sensing MHCII-peptide conformations. Significance: These data emphasize HLA-DM as a conformational editor and provide novel mechanistic insight into its function.
Antigen presentation to CD4
ϩ T cells by MHCII molecules is a key step in control of adaptive immune responses. Proteolytic cleavage of exogenous and endogenous proteins results in peptides that are loaded onto MHCII molecules for presentation at the cell surface (1) (2) (3) . Nascent MHCII are chaperoned to specialized endosomal compartments by the class II associated invariant chain, which is processed to leave a nested set of peptides, known as CLIP, 2 remaining bound in the MHCII-peptide binding groove. The exchange of CLIP for antigenic peptides is catalyzed by HLA-DM (DM), a nonclassical MHC II molecule (4 -6) . The differential effect of DM on different peptides has been shown to play a key role in antigen presentation (7) (8) (9) and epitope selection (10 -15) , but the determinants of DM-mediated peptide exchange remain elusive and controversial (16 -26) .
Previous studies proposed that DM targets the conserved hydrogen bonds between MHCII and peptide in the vicinity of the P1 pocket (17, 18) , although others found that these interactions are dispensable for DM action (20, 21, 23, 27) . Peptide side chain pocket interactions also have been implicated in DM susceptibility, particularly emphasizing the importance of pocket 1 near the N terminus of the bound peptide (22, 28) . In contrast, two studies of MHCII and peptide variants suggested that interactions along the entire peptide binding groove contribute to DM susceptibility (21, 29) . Two recent crystal structures of DM complexes have again focused attention on the MHCII pocket 1 region. DM bound to DR1 carrying a covalently bound, N-terminally truncated peptide shows extensive rearrangement of the MHCII pocket 1 (24) . DM bound to DO, a natural inhibitor that acts as a DM substrate mimic, shows similar rearrangements in the same region (30) . Both structures were interpreted as representing a transient intermediate in the DM-MHCII-peptide exchange reaction, which would resolve upon peptide binding and displacement of DM. In the DM-DR1 structure report, a model was presented in which peptides that lack an optimum pocket 1 residue would not be able to displace DM from the DM-DR complex, tying DM susceptibility to the nature of the residue occupying pocket 1 (24) .
Despite extensive efforts and progress, the determinants of DM susceptibility are still unclear, and the role of the peptide pocket 1 residue in DM-mediated peptide exchange has not been systematically addressed. In this study, we directly evaluated the role of the side chain occupying the pocket 1 in determining susceptibility to DM-mediated peptide exchange. We characterized the determinants of DM susceptibility using DR1 and sets of peptides derived from the immunodominant alloantigen HLA-A2(104 -117) (31) (32) (33) (34) . We weakened the MHCIIpeptide interaction by substitution of the key pocket 1 residue and then attempted to reconstitute tight binding and DM resistance by systematic substitution at other positions. Intriguingly, we found that substitution with an optimal residue (leucine) at position 9 can counteract the low binding affinity, low kinetic stability, and high DM susceptibility of peptides with nonoptimal alanine, threonine, or valine residues at position 1. Moreover, the DM binding activity, SDS sensitivity, recognition by a conformation-specific antibody, hydrodynamic properties, and radius of gyration of DR1 complexes carrying peptides with nonoptimal alanine at pocket 1 could be altered by change of the pocket 9 residue. NMR spectroscopy indicated that the pocket 9 substitution decreased conformational variability in the pocket 1 region. Similarly, MHCII substitutions away from pocket 1 and the DM interaction site altered DM binding and peptide exchange activity. Taken together, these results suggest that multiple substitutions along the entire peptide binding groove can contribute to DM susceptibility and that a dynamic MHCII-peptide conformation determined by interactions throughout the peptide-binding site is the important determinant of DM susceptibility.
EXPERIMENTAL PROCEDURES
Peptide Synthesis and Labeling-MHCI protein HLA-A2(104 -117)-derived peptide GSDWRFLRGYHQYA and HA(306 -318)-derived peptide PKYVKQNTLKLAT and analogs were synthesized (21st Century Biochemicals, Marlboro, MA) with biotin linked to the peptide N terminus via a tetrapolyethylene oxide linker for IC 50 and dissociation kinetics assays and with acetylated N termini for SPR and crystallization studies. For competition binding studies, the N-terminally acetylated HA analog (Ac-PRFVKQNTLRLAT) and CLIP analog (Ac-VSKMRMATPLLMQ) were labeled with Alexa488 tetrafluorophenyl ester (Invitrogen) through the primary amine of K 5 (HA) and K 3 (CLIP).
Protein Expression and Purification-Soluble extracellular domains of recombinant HLA-DR1 (DRA*0101/DRB1*-010101) and HLA-DM were expressed in Drosophila S2 cells and purified by immunoaffinity chromatography followed by Superdex200 (GE Healthcare) size exclusion chromatography as described (4, 35) . For NMR analysis, single subunits were recombinantly expressed in Escherichia coli as inclusion bodies, folded in vitro, and purified as described previously (36, 37) . For reduction of signal complexity for subsequent NMR analysis, only the ␣-subunit was labeled with 15 N. Empty 15 N␣-labeled DR1 molecules were loaded a posteriori with a 20-fold molar peptide excess for 48 h at 37°C in the presence of 2 mM of the loading enhancer Ac-FR-NH 2 . For mutagenesis studies, wildtype and mutant DR1 subunits were expressed in E. coli and folded and purified as described above.
Fluorescence Polarization Assay-Fluorescence polarization assay was used to measure the IC 50 value of each peptide, using Alexa488-HA(306 -318) as probe peptide as described previously (13, 38) .
Peptide Dissociation Assay and DM Susceptibility Calculation-Peptide dissociation kinetics was measured by europium time-resolved fluorescence as described previously (13) . DM susceptibility, the specific rate enhancement defined as the slope of the off-rate versus DM concentration curve, was calculated as (k off, DM Ϫ k off, in )/[DM], where k off, in is the intrinsic off-rate; k off, DM is the DM-mediated off-rate; and [DM] is concentration of DM.
Peptide Exchange Assay-DR1 was loaded with Alexa488-labeled CLIP. 200 l of this complex with a final concentration of 100 nM was incubated without a peptide or with 5 M of each exchanging peptide in the absence or presence of 0.4 M DM at 37°C in pH 5.5 binding buffer. Fluorescence polarization was used to detect the dissociation of Alexa488-CLIP and association of each exchanging peptide. The sample was read 300 times with 4-min intervals with a Victor Multilabel plate reader.
DM Binding Studies-SPR experiments of DM binding to MHCII-peptide complexes were carried out on a BIAcore 3000 instrument using CM5 chips (GE Healthcare) as described previously (23) . Bio-layer interferometry experiments of DM binding to immobilized DO were carried out on a ForteBio Octet instrument (Pall Life Sciences) as described previously (30) .
Protein X-ray Crystallography-Crystals of the DR1-A1L9 complex obtained at 4°C in 4% PEG 4000, 10% ethylene glycol, 100 mM sodium acetate (pH 5.0) were transferred to cryosolution containing 30% ethylene glycol and flash-cooled in liquid nitrogen. Diffraction data were collected from a single 100 ϫ 100 ϫ 300-m crystal at the National Synchrotron Light Source X29 beamline. The structure was solved by molecular replacement with six copies per asymmetric unit using the known structure of DR1-A2(104 -117) (31) . Data processing, model building, and refinement were performed as described (30) . Data processing and refinement statistics for the final model (PDB code 4OV5) are shown in Table 2 .
SDS Resistance Assay-SDS-PAGE experiments were performed for empty DR1 and DR1 loaded with each peptide. Onehalf of each sample (5 g) was boiled for 3 min, and the other half was incubated at room temperature for 15 min in reduced Laemmli loading buffer. These samples were then applied to 12% polyacrylamide gels. After electrophoresis, the gel was stained with Coomassie Brilliant Blue R-250 (Bio-Rad) and destained with destaining buffer (10% acetic acid, 15% ethanol, and 75% water). The gel image was taken with VersaDoc 4000 MP (Bio-Rad).
Antibody Binding-A sandwich enzyme-linked immunosorbent assay (ELISA) was used to detect binding of LB3.1 and UL-5A1 antibodies to WT, A1, and A1L9 peptide-loaded DR1 as described previously (36) . The 100% bound was normalized to the binding of DR1-WT at the highest 500-ng complexes. Half-maximal binding concentrations (EC 50 ) were obtained by fitting the data to a four-parameter binding equation in GraphPad Prism 5.
Hydrodynamic Property Measurement-Gel filtration used a Superdex200 column (GE Healthcare), at a flow rate of 0.5 ml/min in PBS (pH 7.4), calibrated by ␥-globulin (153 kDa), ovalbumin (44 kDa), and myoglobin (17 kDa). Five to 10 g of each complex were injected, and the elution volume was derived from the chromatography traces. Dynamic light scattering experiments were read on Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK) at 25°C. Samples were prepared in PBS at 0.5 mg/ml. 13-20 runs were taken for each sample, and the average diameter for each complex was obtained.
SAXS Analysis-SAXS data were collected at the SIBYLS beamline at the Lawrence Berkeley Laboratory (Berkeley, CA). Guinier analysis and P(r) (pair-distance distribution function) analyses were used to calculate the radius of gyration (R g ) for each complex, except for empty DR1, which had abnormal background subtraction and aggregation. To calculate R g values from Guinier plot (lnI(q) versus q 2 ), Equation 1 was used to get the slope of Guinier plot,
where I(q) is the scattering intensity at scattering vector. To calculate R g values from P(r) analysis, Equation 2 was used to get the P(r) function,
where r is the allowable distance. R g is obtained by integrating the P(r) function with r 2 over all values of r. DR1-WT, DR1-A1L9, and DR1-A1 (at 2, 1 and 0.5 mg/ml) or peptide-free DR1 (at 0.92, 0.5, and 0.25 mg/ml) in PBS solution were shipped overnight at 4°C in 96-well clear PCR microplates (AXYGEN Scientific, Union City, CA). A buffer well was included before and after each sample well.
Nuclear Magnetic Resonance (NMR) Spectroscopy and
Analysis-NMR spectra were recorded on a Bruker AV 700 MHz magnet equipped with a 5-mm triple-resonance cryoprobe. Measurements of the individual protein complexes (200 M) were performed at 310 K in PBS buffer (pH 5.8), containing 10% D 2 O. Spectra were processed with Topspin (Bruker) and analyzed with CCpNmr analysis (39) . Chemical shift differences were calculated using the equation ⌬␦ ϭ (␦H 2 ϩ (0 .15␦N) 2 ) 0.5 and were considered as significant if ⌬␦ was larger than the sum of the average and standard deviations of all chemical shift differences. Signal-to-noise ratios were determined with Sparky (T.D. Goddard and D.G. Kneller, SPARKY 3, University of California, San Francisco) and were considered as significantly reduced if smaller than the mean value minus the standard deviation.
RESULTS

Identification of Peptides with Weakened Pocket 1 Interactions and Strengthened
Interactions at Other Pockets-We focused on variants of the alloantigenic peptide HLA-A2(104 -117) bound to the human class II MHC protein DR1 (HLA-DRA*01:01, DRB1*01:01). This MHC-peptide complex has been shown to be the target of graft rejection in solid organ transplant recipients (33, 34) and allospecific human monoclonal antibodies (40) . HLA-A2(104 -117) is the predominant endogenous peptide bound to DR1 isolated from a B lymphoid cell line (32) , presumably reflecting its high binding affinity, resistance to DM-mediated exchange, and the abundance of the HLA-A2 protein in the endosomal subcellular compartment(s), where peptide binding and DM editing occur. The crystal structure of DR1-HLA-A2(104 -117) has been solved previously defining the major and minor anchor residues (Fig. 1A) (31) , which makes it an ideal example to study DM action. To address the role of pocket 1 in DM susceptibility, we designed variant peptides with nonoptimal pocket 1 side chains and combined these with optimal residues at other pockets. We reasoned that if we were able to find a pocket 4, pocket 6, or pocket 9 substitution that restored the wild-type (WT) affinity to a pocket 1-substituted variant, comparison of such peptides with the WT could illuminate the role of the pocket 1 residue in DM-mediated peptide exchange, because the WT peptide gains most of its binding affinity through the pocket 1 interactions, whereas the double-substituted peptides would derive most of their affinity elsewhere. We tested each A2 peptide variant using a fluorescence polarization inhibition assay with tightbinding indicator peptide HA(306 -318) (K D ϳ10 nM (41)). The WT (HLA-A2(104 -117)) peptide bound to DR1 very tightly with IC 50 values of 36 nM (Fig. 1B and Table 1 ), consistent with a previous report (32) . As expected (42) , single amino acid substitutions of the pocket 1 side chain generally reduced binding as indicated by increased IC 50 values (Fig. 1B) . We selected such four variants for continued work: L1, V1, T1, and A1. Substitution of pocket 4 and pocket 6 side chains with preferred residues (43) did not reduce IC 50 values, and these positions were not investigated further. However, we found that leucine substitution at pocket 9 (L9) substantially enhanced the binding affinity as indicated by reduced IC 50 values (Fig. 1B) , consistent with previous reports that leucine is an optimal residue at this position (43, 44) .
Leucine at Pocket 9 Counteracts the Low Binding Affinity, Low Kinetic Stability, and High DM Susceptibility of Peptides Having Nonoptimal Pocket 1 Anchor Residues or Broken Hydrogen
Bonds-The L9 substitution that enhanced binding for the wild-type peptide also enhanced binding for the pocket 1 substituted variants L1, V1, T1, and A1. In each case, substitution of leucine at position 9 into a peptide carrying a substitution at position 1 (A1L9, T1L9, V1L9, and L1L9) reversed the effect of the pocket 1 substitution and returned the peptide binding affinity to nearly the wild-type level, as judged by a competition binding assay (Fig. 2 , A and D, and Table 1 ). In the most extreme example, the A1 substitution showed more than 100-fold increase in IC 50 relative to the wild-type peptide (Fig. 1B) , as expected based on the major anchoring function of the pocket 1 residue (31), and consistent with a previously reported low affinity pocket 1 anchorless peptide derived from HA(306 -318) (45) . When the A1 peptide was reconstituted with leucine at pocket 9 (A1L9), it rescued the binding affinity to a similar level as WT ( Fig. 2D and Table 1 ). Together, these data suggest that stronger interactions at the C-terminal end of the peptide (pocket 9) can compensate for the weaker interactions at the N-terminal end of peptide (pocket 1) in terms of binding to MHCII.
We next looked at the effect of pocket 9 leucine reconstitution on MHCII-peptide kinetic stability and DM susceptibility. If the pocket 1 residue were very important in DM-mediated exchange, we would expect that L1L9, V1L9, T1L9, and A1L9 a Peptides are named with the substituted anchor residues. b The pockets 1, 4, 6, and 9 anchor residues in wild type peptides (WT) and corresponding substituted anchor residues are highlighted in bold and underlined. W1 N-me represented peptide with N-methylated tryptophan in pocket 1. c 50% inhibition concentration calculated from binding competition curves. d Intrinsic dissociation half-life calculated from the dissociation curves. e DM-mediated dissociation half-life measured in the presence of 0.5 M DM calculated from the dissociation curves. f DM susceptibility, which was calculated as the specific increase in dissociation rate in the presence of DM (k off, DM Ϫ k off, in )/͓DM͔, where ͓DM͔ ϭ 0.5 M.
would exhibit similar DM susceptibilities as L1, V1, T1, and A1, respectively. We measured peptide dissociation kinetics in the absence or presence of DM (Fig. 2, A-D) . DM accelerated the dissociation of peptides differentially. Following Weber et al. (16) , we characterized the DM susceptibility of each peptide as the slope of the linear portion of the off-rate versus DM concentration curve ((k off, DM Ϫ k off, in )/[DM]). Another parameter has also been used to characterize the effect of DM (k off, DM / k off, in ) (29) . We prefer the DM susceptibility defined here because it emphasizes the specific rate enhancement of DM, and it can be interpreted in terms of a first-order rate constant. However, for the data shown below, either parameterization of DM action leads to the same conclusions. The DR1-WT complex (Fig. 2, A-D, green curves) showed high kinetic stability in the absence or presence of DM and low DM susceptibility. The L1, V1, T1, and A1 peptide complexes (red curves) all showed decreased intrinsic half-life (t1 ⁄ 2, in ) and DM-mediated half-life (t1 ⁄ 2, DM ), and an increase in DM susceptibility (Fig. 2, A-D) , with the extreme A1 substitution decreasing the half-life over 200-fold and increasing the DM susceptibility by ϳ400-fold ( Fig. 2D and Table 1) . Surprisingly, L1L9, V1L9, T1L9, and A1L9 (blue curves) all demonstrated intrinsic and DM-dependent half-lives, and DM susceptibility, similar to WT (Fig. 2, A-D) . This indicates that a gain of interactions at the C-terminal end can compensate for loss of interactions at the N-terminal end of the peptide.
We also tested whether pocket 9 leucine reconstitution influences the DM susceptibility of peptides lacking the conserved hydrogen bonds between MHCII and backbone of peptides. Previously, the hydrogen bond between ␣Ser-53 of DR1 and amide of pocket 1 residue has been shown to be important for DM-mediated kinetic stability (17) . By breaking this particular hydrogen bond with N-methylated pocket 1 residue Trp N-me , we observed decreased binding affinity and half-lives and increased DM susceptibility, which were all counteracted by the reconstitution of leucine at pocket 9 (Fig. 2E) . We observed decreased kinetic stability and increased DM susceptibility also for a peptide that retained the major anchor residues at positions 1, 4, 6, and 9 but had alanine substitutions elsewhere (Fig. 2F) .
Collectively, these results show that multiple interactions along the entire peptide-binding site, not only the interactions near the N-terminal end of peptides, are responsible for kinetic stability and DM susceptibility.
One possible explanation for the unexpected role of L9 interaction could involve a potential shift to a different binding register with the A1L9 alanine not located in pocket 1. Peptide binding in a noncanonical reversed orientation has been observed, with DM able to accelerate the exchange of CLIP(106 -120) either canonically or inversely bound to DR1 (37, 46) . To confirm that A1L9 binds to DR1 with the same binding register as the WT peptide, we determined the x-ray crystal structure of DR1-AlL9 to a resolution of 2.2 Å (Fig. 3 and Table 2 ; PDB ID 4OV5). The structure shows A1L9 bound to DR1 in the canonical orientation with the expected pocket 1 and pocket 9 residues (Fig. 3, A and B) , with no substantial differences in peptide conformation or MHCII side chain orientation relative to WT (Fig. 3C) , including residues implicated in DM action (␣Trp-43, ␣Phe-54, ␤Asn-82, and ␤Phe-89) (Fig. 3D) .
Peptides without an Optimal Hydrophobic Pocket 1 Anchor Residue Could Compete for the Binding to DR1 and Replace
Other Peptides-One important prediction of a pocket 1-focused model for DM function is that peptides without a hydrophobic pocket 1 anchor residue would not be able to induce DR1 dissociation from DM and therefore could not compete effectively for the binding to DR1 in the peptide exchange reac-FIGURE 2. Leucine at pocket 9 counteracts the low binding affinity, low kinetic stability, and high DM susceptibility of peptides having nonoptimal pocket 1 anchor residues or broken hydrogen bond bound to DR1. Binding affinity, intrinsic dissociation kinetics, DM-mediated dissociation kinetics, and DM susceptibility were shown for HLA-A2(104 -117)-derived L1 series peptides (A), V1 series peptides (B), T1 series peptides (C), A1 series peptides (D), W1 N-me series (E), and WLGQ (F). WT (wild-type HLA-A2(104 -117)) was shown in each plot as a reference peptide. The sequence of each peptide is listed in Table 1 . Binding affinity was measured by binding competition with the indicator peptide Alexa488-HA(306 -318). Dissociation kinetics was measured in the absence or presence of 0.5 M DM. DM susceptibility was calculated as (k off, DM Ϫ k off, in )/ [DM] . These data represent at least two independent experiments with two replicates each.
tion (24) . We tested this idea directly by determining the ability of A1, A1L9, and WT peptides to displace CLIP that had been pre-associated with DR1. Surprisingly, we found that both A1 and A1L9 without a hydrophobic anchor residue at pocket 1 could displace labeled CLIP in the exchange reaction (Fig. 4) . The equilibrium levels reached in the presence of A1, A1L9, and WT were different, as expected from their relative affinities, but each was able to efficiently displace CLIP. Equilibrium levels for each peptide were similar in the absence or presence of DM (Fig. 4) . A1L9 behaved similarly to WT in terms of competition and equilibrium, consistent with their similar binding affinities and kinetic stabilities (Fig. 4 and Table 1 ). Therefore, a hydrophobic anchor residue at pocket 1 is not requisite for displacing bound peptide. Instead, the overall interactions determine the outcome of DM-catalyzed peptide exchange.
DR1-A1 Shows Dose-dependent Binding to DM, although No Detectable Binding to DM Is Observed with Either DR1-WT or DR1-A1L9 -
We next sought to delineate features of the DR1-peptide complex that are required for DM association. We focused on the pocket 1 nonanchoring A1 peptide and its pocket 9 leucine reconstitution A1L9, because they showed the most dramatic changes in binding affinity, kinetic stability, and DM susceptibility. We first measured the direct binding of those complexes to DM by SPR. In previous studies, no detectable DM-DR binding was observed without manipulation of DR1 or bound peptide (22, 23) , but direct binding to DM has been observed for DR1-CLIP with mutations in the 3 10 helix and extended strand region (23) and for DR1 bound with an N-terminally truncated HA(306 -318) variant (22) . Consistent with previous reports, we did not observe DM binding to DR1-WT at concentrations up to 16 M (Fig. 5A) . However, DR1-A1 showed clear dose-dependent binding to DM (Fig. 5B) . Interestingly, DR1-AlL9 like DR1-WT had no detectable binding to DM (Fig. 5C ). We verified that DM did not bind to empty DR1 (Fig. 5D) . Collectively, these results suggest that DR1-A1 can adopt a conformation that is more accessible to DM, whereas leucine at pocket 9 could restore the conformation to that of DR1-WT, making it less susceptible to DM.
DR1-A1 Shows SDS-sensitive Conformation and Decreased Recognition by a Conformation-specific Monoclonal Antibody UL-5A1, although DR1-A1L9 and DR1-WT Are Similar in
Those Properties-A previous study (45) used the resistance of Electron density for peptide and DR1 residues around pocket 1 (A) and pocket 9 (B) with the peptide anchor residue and key contact residues on DR1 indicated in x-ray crystal structure of DR1-A1L9 complex (PDB code 4OV5). C, top view of DR1-A1L9 structure overlapped with DR1-WT structure. Four molecules in the asymmetric unit of DR1-WT and six molecules in the asymmetric unit of DR1-A1L9 are shown. DR1 in DR1-A1L9 is colored blue, A1L9 yellow, and DR1-WT green. D, a closer view at the pocket 1 with key residues is indicated. The pocket 1 alanine (A1) in DR1-A1L9 is highlighted as a yellow bulky residue, and the tryptophan in DR1-WT is highlighted as a transparent shaded residue. Statistics of x-ray data collection and refinement are listed in Table 2 .
the DR1-peptide complex to SDS-induced denaturation and chain dissociation as an assay to identify SDS-sensitive "flexible" and SDS-resistant "compact" conformations of DR1-peptide complexes, and they found the hydrophobic residues in pocket 1 to be the determining factor of SDS resistance. A related study found that DM recognizes the flexible conformation of MHC II-peptide complexes (28) . More recently, using a similar SDS-PAGE assay, another group identified a DM-labile conformer of the MHC II-peptide complex (47) . We wanted to see whether this assay could distinguish the DM-sensitive DR1-A1 from the DM-resistant DR1-A1L9 and DR1-WT complex. Peptide-free DR1 and DR loaded with different A2(104 -117) variant peptides were tested for their SDS resistance. Consistent with previous studies, empty DR1 and DR1 loaded with nonoptimal pocket 1 residues (A1 and T1) were sensitive to SDS, and DR1 loaded with WT or peptides with hydrophobic pocket 1 residues (V1, L1, and L9) were SDS-resistant (Fig. 6A) . Interestingly, A1L9 and T1L9 showed SDS-resistant bands, indicating that leucine in pocket 9 could rescue the SDS-resistant conformation, and that hydrophobic residues in pocket 1 are not the sole determining factor of SDS resistance.
To confirm that DR1-A1 adopted a different conformation compared with DR1-WT and DR1-A1L9, we tested the recognition of these complexes by UL-5A1, a human conformationsensitive monoclonal antibody that recognizes the epitope-specific complex formed by HLA-A2(104 -117) with DR1 (40) . As a control, we used antibody LB3.1 that recognizes non-epitopespecific DR1-peptide complexes whose binding site is outside the peptide binding groove (48 -50) . Binding to streptavidin was also included as a control to verify peptide occupancy during the assay (in this experiment all of the peptides were biotinlabeled). We first mapped the binding site of UL-5A1 on the bound peptide. Substitutions of position 2 and 3 residues with alanine totally abrogated the recognition by UL-5A1, suggesting that residues at positions 2 and 3 were the major contact residues by UL-5A1 (data not shown), consistent with a T cell receptor-like recognition of this antibody. We then compared the recognition of DR1 loaded with WT, A1, and A1L9, reasoning that a difference would suggest a different conformation, because the direct contact residues are at positions 2 and 3 and not at pocket 1 or 9. Empty DR1 and DR1 loaded with HA(306 -318) were not recognized by UL-5A1, confirming its specificity (Fig. 6B) . Intriguingly, DR1-A1 showed a significant decrease of recognition by UL-5A1, with almost no detection of the 20-ng complex, whereas UL-5A1 detected the DR1-WT complex even at the lowest amount of 0.8 ng (Fig. 6B) . The DR1-AlL9 complex demonstrated similar but slightly lower recognition by UL-5A1 compared with that of DR1-WT complex (Fig. 6B) . As expected, DR1-WT, DR1-A1, and DR1-A1L9 complexes were recognized similarly by LB3.1 and streptavidin in a dose-dependent manner (Fig. 6, C and D) . We confirmed the rescued recognition of A1L9 was not due to the direct recognition of leucine at pocket 9 itself, because DR1 loaded with L9 was recognized similarly as WT (data not shown). Instead, we interpret the L9 rescue of UL-5A1 binding to the A1 peptide to indicate that the L9 substitution has restored the conformation to that of DR1-WT.
DR1-A1 Shows Altered Hydrodynamic Behavior and Increased Radius of Gyration-
To further investigate the conformational differences between DR1-WT, DR1-A1L9, and DR1-A1, we performed gel filtration and dynamic light scattering analyses, as described previously (51) . Surprisingly, we observed a slight but consistent difference in the elution volume of DR1-A1 compared with DR1-WT, indicative of a slightly larger apparent size (Fig. 7A) . DR1-A1L9 eluted simi- Conformation Determines HLA-DM Susceptibility AUGUST 22, 2014 • VOLUME 289 • NUMBER 34
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larly as DR1-WT (Fig. 7A) . Because of the low affinity and short half-life of A1, one caveat is that peptide A1 may dissociate from DR1 during this assay. We have verified that A1 remains bound to DR1 after gel filtration by native gel analysis (data not shown), suggesting that peptide dissociation during gel filtration is not the cause of the difference in elution volume observed for DR1-A1. To confirm that the difference in gel filtration was due to actual difference in molecular sizes and not to differences in interactions with the gel filtration matrix, we used dynamic light scattering (DLS) to provide a direct measure of the effective hydrodynamic radius for the hydrated protein particles. DLS data indicated an effective hydrated diameter for DR1-A1 significantly larger than for DR1-WT (20% larger, Fig.  7B ). DR1-A1L9 showed a similar diameter to DR1-WT (5% larger, Fig. 7B ). Therefore, the hydrodynamic parameters obtained via two different methods indicate that DR1-A1 has a larger, less compact structure than DR1-WT, with an effective hydrodynamic diameter ϳ20% greater. We performed small angle x-ray scattering analysis to determine the radius of gyration (R g ) of each complex and to identify potential conformational alternation. SAXS has been widely used to give information on the size, shape, and orientation of biological macromolecules in solution (52) (53) (54) . The SAXS profiles of the three complexes were almost identical; however, DR1-A1 differed from DR1-WT and DR1-A1L9 at high resolution (q Ͻ 0.2 Å Ϫ1 ) (Fig. 7C) . We determined the R g of each complex by Guinier plot analysis, which uses the linear points from the starting low-q region of the SAXS data (55) . Consistent with gel filtration and DLS data, DR1-A1 had a larger size, with a R g larger than that of DR1-WT or DR1-A1L9 by ϳ1 Å (Fig. 7D) . Alternatively, the R g can be obtained from the pairdistance distribution function by calculating the mass distribution of the complex around its center of gravity, which uses all of the experimental data (56) . Very similar R g values were obtained, again with DR1-A1 having the largest radius of gyration (Fig. 7E) .
We attempted to identify conformational changes that could contribute to the increased R g . To examine the contribution from partial peptide release, we generated two coordinate sets based on the DR1-A1L9 x-ray crystal structure with the peptide flipped out of the site from the N terminus to pocket 4 or to pocket 6 (Fig. 7F) . Theoretical SAXS data were calculated (57), and R g was determined using the pair-distance distribution function. As expected, R g increased with flipping the peptide from the binding groove (Fig. 7G) . However, the difference in R g even with peptide flipping until pocket 6 (0.4 Å) was not large enough for the observed ϳ1 Å difference. To examine the contribution of MHCII conformational change to the R g differences, we used a previously reported molecular dynamic simulation to identify dynamic conformational variations of MHCII-peptide complexes (50) , calculating the R g for Ͼ1800 representative conformational states (Fig. 7H) . R g differences of up to 1.1 Å, sufficient to explain the observed SAXS profiles, were observed (Fig. 7H) , with conformational changes located in the 3 10 helix, extended strand region, peptide binding groove, and immunoglobulin domains (Fig. 7I) . Overall, the native gel, gel filtration, DLS, and SAXS data demonstrate that DR1-A1 shows increased radius and altered conformation.
NMR Spectroscopy Reveals Conformational Differences between DR1-WT, DR1-A1L9
, and DR1-A1-We used NMR spectroscopy to gain insight into possible conformational differences between DR1-WT, DR1-A1, and DR1-A1L9 that might be associated with DM susceptibility. The DR1 ␣-subunit was labeled with 15 N and used to form DR1-peptide complexes with the WT, A1, and A1L9 peptides.
1 H- 15 N heteronuclear single quantum coherence spectra were recorded for all complexes, and resonances were assigned based on previously published data (Fig. 8, A-C) (37, 46) . Significant chemical shift differences between DR1-WT and DR1-A1 were observed for residues in the pocket 1 and surrounding areas, including the ␣ FIGURE 6. DR1-A1 shows SDS-sensitive conformation and decreased recognition by a conformation-specific monoclonal antibody UL-5A1. A, SDS stability of empty DR1 or DR1 loaded with different peptides was determined. Each sample was split into two with one boiled (ϩ) and the other one not (Ϫ). A protein marker was included in the 1st lane. The bands for ␣-subunit, ␤-subunit, and ␣␤ complex were indicated. The multiple bands for ␣-subunit and ␤-subunit were due to glycosylation of DR1 produced in insect cells, as described previously (75) . This gel is representative of three independent experiments. Detection of empty DR1, DR1 bound with HA(306 -318), WT, A1, and A1L9 by UL-5A1 (B), LB3.1 (C), and streptavidin (D) was shown after BSA background subtraction. Each complex started at 500 ng with a diluting factor of 5. Each peptide was labeled with biotin. Percent bound (% Bound) was normalized to the absorbance of 500 ng of DR1-WT. Data are representative of at least two independent experiments with two replicates each.
3 10 helix (Fig. 8D) , consistent with the large environmental changes expected for removal of the buried tryptophan side chain. Chemical shift comparison of DR1-WT and DR1-A1L9 showed significant perturbations for residues in the vicinity of pockets 1 and 9 (Fig. 8E) , again consistent with an altered environment due to the peptide substitutions. Substantial chemical shift differences between DR1-A1L9 and DR1-A1 were observed only for residues in close vicinity of pocket 9 (Fig. 8F) .
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Thus the differential behavior of DR1-A1 and DR1-A1L9 complexes is not reflected by chemical shift differences, which also argues against peptide register shift or inversion of peptide orientation (37). Nevertheless, it is possible that DR1-A1L9 and DR1-A1 differ in conformational flexibility, which might affect signal intensities rather than chemical shifts. Therefore, we compared the signal intensity for all nonoverlapping peaks observed in both DR1-A1L9 and DR1-A1 spectra. In this analysis, DR1-A1 shows substantial loss in signal intensity near pocket 9 (␣Thr-74, ␣Thr-75, ␣Tyr-79 and ␣Lys-80) but also at remote sites, including the peptide binding groove and the pocket 1 region (␣Glu-11, ␣Asp-25, ␣Asp-29, ␣Ile-31, ␣Leu-45, ␣Glu-55, ␣Gln-57, ␣Gly-58, ␣Asn-62, ␣Cys-107, and ␣Arg-146) (Fig. 8G ). Of these, ␣Leu-45, ␣Glu-55, ␣Gln-57, and ␣Gly-58 are near sites of DM interaction observed in the crystal structure (24) . Thus, despite the same pocket 1 alanine occupancy, DR1-A1 displays significantly more conformational flexibility compared with DR1-A1L9 that could be associated with its increased DM susceptibility and decreased kinetic stability.
DR1 Substitutions Outside the DM-binding Site and Pocket 1
Alter DM Susceptibility-Based on the ability of peptide alterations in pocket 9 to reverse DM susceptibility induced by pocket 1 substitution, together with the conformational differences observed between DR1-A1 and DR1-A1L9 complexes, we suspected that DR1 peptide conformation rather than pocket 1 occupancy might be driving interaction with DM. To look at the effect of DR1 conformation independent of peptide FIGURE 7. DR1-A1 shows altered hydrodynamic behavior and increased radius of gyration. A, gel filtration of DR1-WT, DR1-A1L9, and DR1-A1. The elution position and molecular mass of protein standards are shown above traces, with void volume (V o ) and total included volume (V T ) indicated. These traces are representative of at least 20 independent experiments. B, dynamic light scattering measurement for DR1-WT, DR1-A1L9, and DR1-A1. The hydrodynamic radius (Rh) of each complex is indicated. Each sample was run for 13-20 times. C, SAXS profiles of DR1-WT, DR1-A1L9, and DR1-A1. The y axis is log of the scattering intensity, and the x axis is the scattering vector (q). The reciprocal of q can be interpreted as the resolution with which the sample is observed. D, Guinier plot of the SAXS profiles, with R g indicated for each complex. E, P(r) (pair-distance distribution function) of the SAXS profiles, with R g indicated. F, graphic presentation of the native DR1-A1L9 structure (blue), same structure with conformation of peptide adjusted at the P4 residue so that P-3-P3 are out of the binding site (red), and the same structure was adjusted at the P6 residue so that P-3-P5 are out of the binding site (green). G, P(r) function of the SAXS profiles theoretically calculated from the coordinates, with R g indicated. H, R g of each of 1800 conformations from molecular dynamic simulation trajectory is plotted. The molecular dynamic simulation was done previously for DR1 bound with a HIV-1 gag peptide (PDB code 1SJE). The sequence, we introduced mutations in the DR1 ␣-subunit outside the peptide binding region (Fig. 9A) . In each case we substituted DR1 residues for those found in DO, a structural homolog that acts as a tight-binding competitive inhibitor (30) . We constructed three mutants: H33A,A37K in the strand s3-s4 loop, a region that changes conformation in the DM complex (24, 30) ; P16Y,Q18K located at similar position but in the strand s1-s2 loop as a control; and T41A in the s4 strand where it contacts the DR1 extended strand region ␣51-57 implicated in DM modulation of DR1-peptide hydrogen-bonding interaction (17, 23) . Both H33A,A37K and T41A mutations had dramatic effects in increasing DM binding, whereas the P16Y,Q18K mutation had no effect (Fig. 9, B-E) . As with the A2 peptide mutants, the increased DM binding activity of H33A,A37K and T41A mutants was associated with increased DM susceptibility (Fig. 9F) . Thus, DM association can be regulated by DR1 conformational alteration, irrespective of pocket 1 occupancy.
We examined the T41A mutation in more detail. Residue ␣Thr-41 interacts with the extended strand region ␣51-57, which participates in key MHCII-peptide hydrogen-bonding interactions in the vicinity of the pocket 1 (23) , and also packs against ␣Trp-43, a residue crucial for efficient DM interaction (Fig. 9G) (22) . In the DR1-DM complex observed crystallographically (24), DR1 ␣Trp-43 swings around to interact with DM, and DR1 ␣Trp-41 packs against DM ␣Pro-95, reorienting away from the extended strand region (Fig. 9H) . Mutation of DM ␣Pro-95 to alanine blocked DM-facilitated peptide exchange (Fig. 9I, red) . The DM ␣P95A mutation retains the high DO binding affinity of wild-type DM, ruling out substantial conformational or stability alteration induced by the mutation (Fig. 9J) . The effect of the ␣P95A mutation on DM-mediated peptide release suggests a role for this residue in promoting conformational rearrangements associated with peptide release. In the context of the DR1 T41A mutation, where DM interaction was facilitated, DM P95A was effective in promoting peptide exchange, with DM susceptibility similar to that for wild-type DM interacting with DR1 (Fig. 9I, green) . Thus, the effect of the DR1 T41A substitution is compensated by DM P95A, suggesting that these residues interact in the DM- mediated peptide exchange mechanism. The enhanced DM susceptibility of T41A can be observed for both A1 and A1L9 peptides, indicating that its effect is not dependent on pocket 1 occupancy (Fig. 9, K and L) . These results provide further support for a mechanism in which MHCII-peptide conformational changes and not pocket 1 occupancy are key determinants of DM function.
DISCUSSION
In this study, we have evaluated the kinetic stability and DM susceptibility of DR1 complexes formed with HLA-A2(104 -117) variant peptides with weakened interactions at pocket 1 and strengthened interactions at other positions. As expected from previous work, weakening interactions in the pocket 1 results in a decreased MHCII-peptide lifetime and increased susceptibility to DM. Unexpectedly, we found these effects could be completely compensated by substitutions elsewhere in the peptide. Judged by several criteria, the DR1-A1 complex with weakened pocket 1 interaction appears to adopt a conformation different from conventional DR1-peptide complexes, which is more susceptible to DM-mediated peptide exchange. Reconstitution with leucine at pocket 9 restores the conformation to the less susceptible form similar to that of DR1-WT.
Despite extensive investigation, peptide sequence determinants of DM susceptibility still have not been defined. Because the immunogenicity of epitopes after infection and vaccination is strongly linked to their relative DM susceptibility (8, 13, 58, 59) , understanding these determinants is crucial to follow immune responses, improve vaccines, and understand the etiology of autoimmune disease. Previous models for predicting DM susceptibility have variously implicated particular conserved hydrogen bonds near pocket 1 (17, 18, 20, 21) , spontaneous dissociation of the peptide N terminus (22, 60) , conformational lability of the 3 10 helical region adjacent to pocket 1 (23) , an SDS-sensitive flexible conformation determined by pocket 1 occupancy (28, 45) , and an "compare-exchange-pushoff" mechanism (25) . Although these different approaches have generally implicated interactions around the pocket 1 region (61), some studies are consistent with more distributed effects (16, 25) .
The idea that the pocket 1 region is crucial to DM susceptibility has been given additional prominence by a recent structure of DM bound to DR1 with a covalently trapped truncated peptide (24) , in which DR1 conformational alterations around pocket 1 were observed and associated with DM interaction. Based on that structure, a deterministic role of pocket 1 interactions in DM susceptibility was proposed (24) . This model for the peptide exchange reaction makes clear predictions that exchange peptides require hydrophobic pocket 1 residues and that the exchange activity will be dominated by pocket 1 occupancy. However, we have shown here that the A1 and A1L9 peptides, both with the same nonanchoring pocket 1 alanine, have dramatically different DM susceptibilities. Both of these peptides were able to efficiently displace bound peptides, in the absence or presence of DM, with the equilibrium level reached according their binding affinities and not their pocket 1 residues. Thus, DM susceptibility is not determined by interactions only in the pocket 1 region of the binding sites but rather by interactions throughout the peptide binding groove.
Conformational differences between DR1-A1 and DR1-A1L9 were revealed by SDS sensitivity, antibody binding, hydrodynamic measurements, SAXS, and NMR analyses. We suggest that the conformation of the MHCII-peptide complex, constrained by the interactions throughout the peptide-binding site, is the major determinant of DM susceptibility. Crystal structures of MHCII-peptide complexes show that they exhibit some degree of structural disorder, with flexibility observed in the ␣-subunit 3 10 helix and extended strand region, in the vicinity of a kink in the ␤-subunit helical region near residue ␤66, and in the orientation and loop of ␤2 Ig domain (62) . Conformational changes observed here for the DR1-A1 complex could be due to the increased flexibility of 3 10 helix and extended region, as indicated by the NMR data. This is consistent with the effects of the T41A mutant, which appears to facilitate DM action by disrupting the stabilizing hydrogen bond between Thr-41 and the extended strand region.
Several studies indicating an important role for the conformation of MHCII-peptide complexes in determining DM susceptibility have appeared (23, 28, 47, (63) (64) (65) . The largely decreased kinetic stability and increased DM susceptibility of A1, T1, and V1 bound to DR1 have confirmed the importance of interactions near pocket 1 (Fig. 2) . However, we have demonstrated that other interactions, i.e. a single leucine reconstitution at pocket 9 far from the N terminus, could also influence the DM susceptibility by restoring the conformation of the MHCII bound to the original peptide with tryptophan in pocket 1. Notably, mutations in pocket 4 or pocket 6 of HLA-DR3 increase affinity for CLIP, make the mutant DR3-CLIP complexes resistant to DM and SDS-stable, and reduce their binding to DM (66) . An HLA-DQ variant associated with autoimmunity (DQA1*0501) that is a poor substrate for DM (67) has residue ␣53 deleted with consequential structural alterations in the extended strand and 3 10 helical region (62, 68) ; DM susceptibility is restored by introduction of ␣Gly-53 into the extended strand (69) . All these data suggest that interactions along the entire peptide binding groove influence DM susceptibility by regulating the ability to adopt conformation(s) in which the 3 10 helix and extended strand regions can move into position for optimal interaction with DM.
The ability of an MHCII-peptide complex to interact productively with DM seems to involve a dynamic rather than a static conformation. The conformational differences between DR1-A1 and DR1-WT (or DR1-A1 and DR1-A1L9) observed by size exclusion chromatography, dynamic light scattering, and small angle x-ray scattering analyses were accompanied by changes in the intensity of heteronuclear single quantum coherence spectra without significant NMR chemical shift changes, suggesting an increase in conformational heterogeneity in the affected regions. Interestingly, the different P9 pocket occupations seem to translate into modulating the mobility of a network of residues that include regions remote from the P9 pocket and are prone to conformational editing by DM. As noted above, increased DM binding activity seems likely to be due to increased flexibility of residues in the DR1 ␣-subunit 3 10 helix and extended strand, which undergo substantial confor-mational alteration during DM complex formation. Previous work in other systems has emphasized the importance of dynamic conformational ensembles in biomolecular recognition (70) . Moreover, MHCII-peptide interaction involves substantial conformational changes in both MHC and peptide components and has been characterized as a cooperative folding process (71) . In general, such processes are characterized by funnel-shaped energy landscapes, with a large number of less stable conformers and fewer low energy forms. Viewed in this light, DM appears to be recognizing and editing out rare MHCII-peptide conformations that retain some mobility characteristic of intermediates in the overall multistep MHCII-peptide binding process (72) .
These data provide the clearest evidence yet that DM edits conformations, not sequences, and helps to define a molecular basis for conformational editing. DM is known to promote exchange of peptides from unstable complexes, but how DM could detect those complexes well before peptide actually dissociates has not been clear. Peptide release from MHCII proteins requires substantial conformation change (51) as a result of the intricate arrangement of side-chain binding pockets (44) , twisted peptide backbone conformation (73) , and the cooperative nature of MHCII-peptide interactions (74) . By taking advantage of transient conformational states along the pathway to full dissociation, DM is able to identify kinetically unstable MHCII-peptide complexes and promote full dissociation and exchange. This mechanism helps DM fulfill its role in quality control of MHCII-peptide complexes for antigen presentation during their relatively brief endosomal transit.
In conclusion, we have shown that the DM susceptibility of DR1-peptide complexes can be determined by peptide substitutions outside the P1 pocket and by MHC substitutions away from peptide and DM interaction sites. Our data support the idea that the dynamic conformation of MHCII-peptide complexes determined by interactions throughout the peptide binding groove is the key determinant of DM susceptibility and that DM acts as a conformational rather than sequence editor.
